A 401-bp fragment of the mitochondrial cytochrome b gene was sequenced from polymerase chain reaction-amplified products for 20 natural populations representing 12 species of South American akodontine rodents (Muridae). Variation among these taxa increased with their hierarchical position, from comparisons within local populations to those among different genera. Two individuals from the same local population differed by < 1% sequence divergence. Sequence divergence among geographic samples within a species was 0.25%-8%, while that among species was 3%-2 1%. Comparisons of the akodontine sequences with that for the house mouse show 2 l %-25% sequence difference. A parsimony-based phylogenetic analysis of the data supports the placement of the taxon Microxus within Akodon (sensu stricto), of Bolomys just outside the Akodon cluster, and of Chroeomys as a separate genus quite distinct from the other members of this group. This phylogenetic hypothesis is identical to that determined from electrophoretic data but is quite divergent from the present taxonomy of the group.
Introduction
The genus Akodon is one of the largest, most complex, and taxonomically most poorly understood taxa of South American murid rodents. The current combination of Akodon and related genera to form the tribe Akodontini is summarized in table 1. Systematic analyses of this complex group are limited to morphological, cytogenetic, and/or electrophoretic treatments of only selected subsets of species (e.g., see Apfelbaum and Reig 1989; Myers 1989; Myers and Patton 1989; Patton et al. 1989; Myers et al. 1990 ).
Here we report on variation in a 40 1 -bp sequence of the mitochondrial cytochrome b gene (cyt b) in 20 natural populations representing 12 species of Akodon and related taxa. Levels of variation are compared within local populations, between geographic samples within species, and among different species and genera. The sequence data are used in a phylogenetic analysis to illustrate the degree of resolution provided by these data at various hierarchical levels within this taxonomic complex. For general review of the uses of mtDNA in evolutionary studies, see the work of Wilson et al. ( 1985) , Avise ( 1986) , Avise et al. (1987) , Moritz et al. ( 1987) , and Harrison ( 1989) . Patton et al. ( 1989) analyzed electrophoretic data on six genera within the tribe Akodontini, including most taxa examined here. Electrophoretic data from additional populations and species supplement this set to provide a series of samples that matches those used for the mitochondrial DNA (mtDNA) analysis. The electrophoretic loci reflect changes in the nuclear genome, whereas the cyt b sequences represent the maternally inherited'mitochondrial genome. Thus, the comparison between the results from these two data sets allows one to examine the potential confounding effects of lineage sorting in the clonally inherited mtDNA.
Material and Methods

Electrophoretic Data
Twenty-one enzymes and other proteins encoded by 26 presumptive structural gene loci were examined using horizontal starch-gel electrophoresis. Aqueous extracts of kidney were used for all systems. The loci examined and the gel-running conditions have been reported by Patton et al. ( 1989) . Data, taken from Patton et al. ( 1989) , for 12 populations from 10 different species are used here. To supplement these data, a total of 215 additional individuals from nine new populations of the previously studied species and from two additional species are also incorporated in this analysis. Allele frequencies for these populations are available from the authors on request. The BIOSYS-1 computer package (Swofford and Selander 198 1) was used to construct a phylogenetic tree by using the Wagner distance algorithm (Farris 1972 ) with Rogers's ( 1972) measure of genetic distance.
mtDNA Sequence Data DNA was extracted from frozen liver tissue by using the sodium dodecyl sulfateproteinase K/phenol / RNAse method ( Maniatis et al. 1982 ) . Sequence was obtained for a segment of cyt b, one of 13 protein-coding genes in the circular mitochondrial genome (for review, see Brown 1985) . Primers are designated by a number in a series Amplification of double-stranded product was performed in 25 ~1 or 50 ~1 total reaction volume with 27-35 cycles of the polymerase chain reaction (PCR) with the Thermus aquaticus DNA polymerase (Saiki et al. 1986 (Saiki et al. , 1988 . Amplification was performed either with a Perkin Elmer-Cetus thermal cycler with denaturation at 93°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min or with a Techne Programmable D&Block PHC-1 with denaturation at 93°C or 94°C for 1.5 min, annealing at 35"C-60°C for 1.5 min, and extension at 72°C for 2 min.
FIG. 2 (Continued)
Electrophoresis of 5 ~1 of the double-stranded amplification product was run in a 4% NuSieve agarose minigel in Tris-borate-ethylenediaminetetraacetate buffer (Maniatis et al. 1982) . The gel was stained with ethidium bromide, and the product bands were visualized by fluorescence under ultraviolet light. Agarose plugs ( -4 ~1) containing the double-stranded product were diluted 1: 100 in glass-distilled water and were melted at 65°C for 10 min. The resulting template was then used in a PCR reaction with unbalanced priming to generate single-stranded product (Gyllensten and Erlich 1988 ) , using an annealing temperature of 35 "C-60°C. Primers were used in a ratio of 1: 19, 1:20, 1:50, or 1: 100, with 1:50 being the most generally successful ratio. The reaction mixture containing single-stranded product was subjected to three cycles of centrifugation dialysis (Centricon 30; Amicon Corp.), and 7 l,~l was used as a template for sequencing with Sequenase 2 (U.S. Biochemical Co. protocol) by following the Sanger method (Sanger et al. 1977) . The sequencing primer used was the limiting primer in the unbalanced amplification reaction. Both strands were amplified for all individuals, in order to score sequence close to both primers. Scoring from the two strands overlapped in the middle by 9-l 14 bases. DNAs from most individuals were amplified and sequenced more than once. A further check on scoring was provided by comparison of the sequences of the two individuals from each local population.
Sequences were entered into BIONET (IntelliGenetics, Inc. 1988) for alignment and translation. Sequence data were analyzed using PHYLIP (version 3.2; Felsenstein 1989) run on an IBM-PC/AT. Cladistic analyses of character-state matrices by using parsimony methods were performed using DNAPARS, with a majority-rule consensus tree produced by CONSENSE; a majority-rule consensus tree based on 500 bootstrap replicates was produced using DNABOOT. The parsimony method used by Felsenstein in DNAPARS and DNABOOT is based on the work of Eck and Dayhoff ( 1966) and on the work of Kluge and Fart-is ( 1969) and uses the method of Fitch ( 197 1) to count the number of base changes needed on a given tree. The method assumes that sites evolve independently, as do lineages, that the ancestral base at a site is not known, that base substitutions are improbable over the time span involved, and that the amounts of evolution in the various lineages are fairly equal (see Felsenstein 1989 , p. 20 1) . The consensus tree from a bootstrap analysis "can be considered to be an overall (Felsenstein 1985, p. 786) . The initial parsimony analyses were unweighted. An additional bootstrap analysis was run using only phylogenetically informative transversions, by recoding the data set with only the two character states: purine and pyrimidine. All data matrices were prepared by following suggestions of Swofford ( 1985, pp. 3-l 1-3-12) for DNA data sets, including eliminating invariant sites, excluding identical taxa, and (optionally) including only phylogenetically informative sites where at least two bases each occur in more than one taxon. The amino acid sequence data were analyzed with the protein-parsimony (PROTPARS) procedure in PHYLIP, which uses a parsimony method "intermediate between Eck and Dayhoff's ( 1966) method of allowing transitions between all amino acids and counting those, and Fitch's ( 197 1) method of counting the number of nucleotide changes that would be needed to evolve the protein sequence" (Felsenstein 1989, p. 163) . A majorityrule consensus tree for the amino acid data was produced with the CONSENSE program in PHYLIP. MUS musculus was designated as the outgroup for all trees.
Specimens Examined
For each locality the sample size for the electrophoretic analysis is given in parentheses, followed by the museum catalog numbers of the voucher specimens for the individuals that were sequenced. Vouchers are cataloged in the mammal collection of the MVZ. consensus tree was constructed using the bootstrap procedure (DNABOOT) in PHYLIP (Felsenstein 1985 (Felsenstein , 1989 and was rooted by using Mus musculus as the outgroup. The number at each node shows the number of times the set of those descendent taxa was found in 500 bootstrap replicates.
Akodon (Chroeomys) jelskii
Peru: Depto. Junin, 22 km N La Oroya, 4,040 m (N = 3; MVZ 173083 and MVZ 173084). Depto. Puno, 6.5 km SW Ollachea, 3,350 m (N = 15; MVZ 173073 and MVZ 173074) .
Bolomys amoenus
Peru: Depto. Puno, 12 km S Santa Rosa, 3,960 m (N = 7; MVZ 172878 and MVZ 172879).
Microxus mimus
Peru: Depto. Puno, Agualani, 9 km N Limbani, 2,840 m (N = 7; MVZ 17 1745 and MVZ 171746), and 14 km W Yanahuaya, 2,210 m (N = 2; MVZ 171752 and MVZ 171753). Shown is the majority-rule consensus tree constructed using the bootstrap procedure, as in fig. 4 , but based only on those 39 sites in the data set that have phylogenetically informative transversions. considered as separate genera or subgenera, including Microxus, Bolomys, and Chroeomys (see table 1) .
Results and Discussion
Two hundred forty (60%) of the 40 1 bases were identical in the house mouse (Mu) and in all of the Akodon group. Eighteen sites distinguished all of the Akodon relative to Mus, and there were 23 variable sites containing only autapomorphies in Akodon populations. This left 120 sites (30%) that were phylogenetically informative for this group of akodontine taxa.
Of the 161 sites that are variable in Mus or the Akodon complex, 114 (70.8%) are variable third positions of codons, 37 (23.0%) are variable first positions, and 10 (6.2%) involve second-position changes. The pattern of variation at the different codon positions conforms to that found in functional mitochondrial protein-coding genes, in that 85.7% of third-position sites in the 401-bp fragment are variable, 27.6% of first-positions sites are variable, and only 7.5% of second-position sites are variable.
The breakdown for the 120 phylogenetically informative sites within the akodontines is as follows: 94 sites (78.3%) involve differences at the third position of the codon, 21 ( 17.5%) are first-position differences, and five (4.2%) are variable second positions. Of the 94 informative third-position changes, 3 1 (33.0%) involve transversions. A slightly different way to characterize the kinds of changes that have taken place within the akodontines is to calculate the number of silent versus replacement transitions and transversions for each of the three codon positions. Pairwise comparisons within the akodontines, with one individual representing each local population, give the totals shown in table 2. Most first-and second-position transitions in the data set result in a change in amino acid, while none of the third-position transitions do. Shown is the majority-rule consensus tree from an analysis on amino acids for 12 species of akodontine rodents, constructed using the PROTPARS procedure in PHYLIP (Felsenstein 1989 ) and rooted by using Mus musculus as the outgroup. The number at each node shows the number of times, in 7 I equally parsimonious trees, that a group was present.
Similarly, most first-and second-position transversions result in a change in amino acid, whereas most third-position transversions do not.
The increase in sequence difference (percentage of sites that differ) with more distantly related populations/taxa is illustrated in figure 3a . Variation within local populations is < 1%. Comparisons of individuals from the same species but from different geographic localities show 18% sequence difference. The highest values at this level are from comparisons of A. aerosus populations, which differ in karyotype (Paucartambo, 2N = 22; Ollachea and Yanahuaya, 2N = 38; San Ramon, 2N = 40). It is likely that these chromosomal forms of A. aeroSuS in fact represent more than one species. If true, the within-species-level comparisons would range only to a maximum of 5%. The among-species differences are 3%-21%, with the highest values being for comparisons of A. (Chroeomys) jelskii and A. andinus with all of the other Akodon, including Microxus and Bolomys (see also the discussion of phylogenetic relationships below). The final level of comparison is that of Akodon and its relatives with the Old World mm-id rodent genus Mus, for which the complete mtDNA sequence is known (Bibb et al. 198 1) . MUS differs from these South American murids at 2 l%-25% of the bases.
Pair-wise comparisons of the number of differences between taxa are separated into transitions and transversions in table 3. Since the second individual in a local population differed by no more than three sites ( < 1% sequence difference), only one individual was chosen to represent each population. Intrapopulation comparisons are given on the diagonal of Transition bias has been noted in vertebrate mtDNA (Brown et al. 1982; Higuchi et al. 1984 Higuchi et al. , 1987 . A visual illustration of the effect if one were to weight transversions relative to transitions, to compensate for transition bias, is provided in figure 3b . For this part of the figure, the data from table 3 were weighted so that each transversion counted 10 times as much as a transition, according to the method of Higuchi et al. ( 1984) . This approach results in two very distinct groups at the among-Akodon-species level of comparison. Values of sequence difference ~44% are for comparisons either 
Phylogeny Estimation
mtDNA Sequences
The nucleotide sequences were used to estimate a phylogeny by unweighted parsimony. Five hundred repetitions of DNABOOT were run, resampling characters with replacement. The majority-rule consensus tree based on bootstrapping provides the hypothesis of relationships shown in figure 4. Seven equally parsimonious trees were produced by the DNAPARS procedure, A majority-rule consensus tree (not shown) derived from these trees gave essentially the same pattern as that shown in figure 4. Two species, A. (Chroeomys) jelskii and A. (Akodon) andinus, fall well outside a group that includes the remaining species of Akodon (sensu stricto) as well as the currently recognized genera Microxus and Bolomys. Bolomys falls just outside the cluster of Akodon and Microxus. Within the Akodon/Microxus clade, the grouping together of the three geographic samples of the species A. subfuscus is highly stable, occurring in >99% of the bootstrap replicates, as is the joining of the two geographic samples of Microxus and of the two samples of A. aerosus with the same karyotype (2N = 38).
For deeper levels of relationships within a group, the "noise" caused by multiple hits at silent sites over longer periods of time can be reduced either by focusing on transversions or by analyzing the differences in the amino acids encoded by the sequenced nucleotides. There are 39 sites with phylogenetically informative transversions in the Akodon data set. The majority-rule consensus tree based on 500 bootstrap replicates when only transversions are used is shown in figure 5 . In this analysis, the clustering of A. andinus with A. (Chroeomys) jelskii outside of Bolomys, Akodon, and Microxus occurs in >99% of the bootstrap replicates. Twenty-nine of a total of 133 amino acid sites are variable in the Akodon data set; 13 of these are phylogenetically informative within the akodontines. The PROTPARS procedure in PHYLIP produced 7 1 equally parsimonious trees from this data set. In the majority-rule consensus tree ( fig. 6 ), A. andinus and A. (Chroeomys) jelskii again cluster together outside the rest of the Akodon i,n all 7 1 trees, and Microxus continues to be buried deep within the subgenus Akodon.
Relationships Based on Electrophoretic Data Compared with mtDNA Sequence Data
Relationships based on an electrophoretic analysis of 26 loci in 13 species of akodontine rodents (Patton et al. 1989 ) are concordant with the major conclusions regarding phylogenetic relationships within the group of taxa considered here. The currently recognized genus Microxus, as represented by the type species mimus, falls within a clade otherwise containing only members of the subgenus Akodon. Bolomys, as represented by the type species amoenus, is only slightly differentiated from Akodon and Microxus. Akodon (Chroeomys) jelskii is among the most distinct members of the Akodontini-equally so as are other genera such as Oxymycterus and much more so relative to Akodon (sensu stricto) than is Bolomys, for example. Relationships based on electrophoretic data for a set of samples that match those used in the mtDNA data set are illustrated in a Wagner tree ( fig. 7) . This tree includes 10 species ( 12 mtDNA Cytochrome b Evolution in Akodontine Rodents 101 populations) from Patton et al. ( 1989) , plus nine populations including two species (A. andinus and A. kofirdi) presented in the present paper for the first time. From figure 7, A. andinus is clearly most closely related to A. (Chroeomys) jelskii, and these two taxa together form a clade well removed from Akodon (sensu stricto) .
The major features of relationships among the genera/ subgenera in the akodontine group are identical in both the electrophoretic and mtDNA analyses; Microxus forms part ofAkodon (sensu stricto), Bolomys joins just outside the Akodon/Microxus cluster, and A. andinus is aligned with A. (Chroeomys) jelskii in a separate taxon very distinct from the other Akodon (including Microxus and Bolomys) . The fine-scale relationships of the terminal taxa within the Akodon clade are not, however, identical in the electrophoretic and mtDNA trees. In both analyses the terminal branches are not well resolved, because of high similarity among many of the taxa. Many of the extant species of Akodon probably evolved quite recently, particularly those at high elevations in the Andes where speciation was likely affected by Pleistocene glacial cycles (Patton et al. 1989; Myers et al. 1990 ).
The electrophoretic data come from 26 protein loci encoded by nuclear genes, with the usual mode of Mendelian inheritence. The cyt b sequences represent part of one protein coding gene in the mitochondrial genome, which is maternally inherited with no recombination (see reviews in Avise et al. 1987; Harrison 1989) . In some cases nuclear-DNA and mtDNA phylogenies are discordant (e.g., see DeSalle and Giddings 1986; for review, see Harrison 1989) . However, for the akodontines in the present study, the two different molecular genealogies provide identical views of relationship, both among the organisms at the generic/subgeneric level and, in several cases, at a finer scale for populations within species. The general concordance between nuclear and mitochondrial perspectives of phylogenetic relationships indicates that lineage sorting of mtDNA genomes has not been significant in the diversification of this group of rodents.
Taxonomic Conclusions
Our understanding of the phylogenetic relationships among members of the akodontine complex of South American murid rodents is still in its early stages. Nevertheless, it is clear from the data presented above (as well as from the data in Patton et al. 1989 ) that major adjustments in the current taxonomy of the group will be required as additional sequence and other data become available. Minimally, however, at this time it is apparent that reassessment of the generic/subgeneric status of certain taxa must be made. For one thing, if Bofomys is accorded generic status (as argued strongly in Reig 1987), then Chroeomys (including both jelskii and andinus) must be elevated to a genus, if monophyletic taxa are to be maintained. In the reverse case, the generic status of Microxus cannot continue to be supported, since the type species (mimus) clearly falls within a complex of others, all of which are currently placed within the nominant subgenus Akodon.
Sequence Availability
These sequences have been deposited in GenBank under accession numbers M35691-M35716.
